Abstract Time-series of zenith wet and total troposphere delays as well as north and east gradients are compared, and zenith total delays (ZT D) are combined on the level of parameter estimates. Input data sets are provided by ten Analysis Centers (ACs) of the International VLBI Service for Geodesy and Astrometry (IVS) for the CONT08 campaign (2008 August 12 -26). The inconsistent usage of meteorological data and models, such as mapping functions, causes systematics among the ACs, and differing parameterizations and constraints add noise to the troposphere parameter estimates. The empirical standard deviation of ZT D among the ACs with regard to an unweighted mean is 4.6 mm.
Introduction
The The four types of troposphere parameters defined at a specific station are (in mm):
-zenith hydrostatic delay (ZHD) or zenith total delay (ZT D = ZHD + ZW D),
-zenith wet delay (ZW D),
-north-south gradient (G N ), and -east-west gradient (G E ).
Actually these parameters account for the total non-dispersive effects of the entire atmosphere on the measurement signal and thus should be named non-dispersive or neutrosphere (neutral atmosphere)
parameters. However, due to the increasing gas density the troposphere contributes the largest effects and in particular contains almost all of the humidity, i.e. water vapor and clouds. Thus, the incorrect term troposphere parameter is justified and will be kept here for the sake of continuity.
The well-known neutral atmosphere delay model of space-geodetic techniques at radio wavelengths, such as VLBI, GNSS (Global Navigation Satellite Systems), and DORIS (Doppler Orbitography and
Radiopositioning Integrated by Satellite)
relates the troposphere parameters to the observed delay in line-of-sight L depending on the elevation and azimuth angles α and the known mapping functions: the hydrostatic mapping function mf h , the wet mapping function mf w , and the gradient mapping function mf g . The hydrostatic part ZHD contributes about 90% of the delay in the zenith direction. ZHD (mm) can be very precisely computed using the surface air pressure p (hPa) ZHD = 2.2768 ± 0.0005 · p 1 − 0.00266 · cos (2ϕ) − 0.00028 · h
where ϕ denotes the latitude and h the height above the geoid (km) of the phase center of the geodetic instrument (Davis et al. 1985) . The latitude and height do not have to be known precisely for the evaluation of the above equation. Thus, the surface air pressure contributes the dominant factor for the uncertainty of ZHD. There is no appropriate deterministic model to compute the remaining non-hydrostatic part, mostly caused by the dipole-moment of water vapor and thus referred to as the wet part (ZW D). Therefore, parameters of a wet troposphere model are estimated along with the geodetic parameters.
It has been shown that ZW Ds obtained by space-geodetic techniques can improve meteorological models and can provide an independent validation method for climate time-series (Elgered 2001; Heinkelmann 2008) . For geodesy troposphere parameters are at least indirectly relevant, since troposphere parameters, geodetic parameters, such as the station positions, and other groups of parameters, can be significantly correlated (cf Nothnagel et al. 2002) . In contrast to the station coordinates, which are usually defined constant over the duration of the VLBI-session, the troposphere parameters are defined with a much higher temporal resolution. Hence, the troposphere parameters reflect sub-diurnal effects and have the potential to absorb short-period fluctuations and systematics of other parameters, such as the station coordinates, as well. Due to these characteristics the troposphere parameters contribute important information about the consistency of the entire solution. Recognizing this, the IVS has monitored troposphere parameters of the ongoing rapid-turnaround type of session (IVS-R1, IVS-R4) since its start in 2002 (Böhm et al. 2002) . IVS combined series of troposphere parameters are determined and provided to the user community. The IVS troposphere products are a long-term combination 2 with the focus on climate applications ) and a rapid combination 3 based on models and analysis options defined by IERS Standards. Since 2002 the combination model of the IVS rapid troposphere product (Schuh and Böhm 2003) has not been revised, and the deviations among the contributing ACs were found to slightly increase, which could be caused by increasingly different models applied by the analysis centers (Heinkelmann 2009 ).
Within the scope of this article we investigate possible improvements of the combination model of troposphere parameters: on the one hand, systematics caused by different analysis options are accounted for by applying empirical corrections; on the other hand, analysis and model noise introduced by the ACs are considered by an extended stochastic model of intra-technique combination. In the next section the troposphere data provided by the individual ACs are presented, and pre-processing steps are described. Thereafter the individual AC solutions are compared with each other and with a mean series in order to empirically assess the quality of the reported troposphere parameter time-series and to reject outliers. Then, various model impacts are highlighted, and corresponding corrections are derived. The empirical measure of the quality of the reported series is thereafter compared with the theoretical formal errors obtained by various extended combination models, which are introduced in the following section. In a last section we conclude our investigations with recommendations and finish with an outlook on possible further extensions of the intra-technique troposphere combination model.
Input data and pre-processing
The input data are time-series of the troposphere parameters (ZT D, ZW D, G N , and G E ) and formal errors of the troposphere parameter estimates (σ ZW D , σ GN , σ GE ) provided by ten IVS ACs (tab. 1).
Depending on the software and the operator, the following models and parameterizations are applied for the estimation of zenith delays: continuous piece-wise linear function (PWLF) using least-squares estimation in the Gauss-Markov-model (cf Koch 1997); a random walk stochastic process (RW) ap-plying the Kalman-filter (cf Gelb 1974) ; the Square Root Information Filter (Bierman 1977) ; or the least-squares collocation technique (Titov and Schuh 2000) . The gradients are estimated with similar models. The temporal resolution of the zenith delays is conventionally fixed to one hour at integer UT hours. The gradient epochs are also defined at integer UT hours, but the temporal resolution and parameterization are left to the analyst. While in the Gauss-Markov-model the parameters can be directly defined at the conventional epochs with one hour duration, the filter and least-squares collocation techniques provide estimates at the observation epochs. The corresponding ACs then report mean values of the estimates within intervals of one hour duration around the conventional epochs.
The main difference between the approaches is that the observations contributing to one parameter in the case of the Gauss-Markov-model are simultaneously adjusted introducing correlations between the observations, while if applying one of the other techniques the computation depends only on the specific observation, and no correlations appear between observations.
The following pre-processing of the input data is done:
(i) Apart from the other ACs, AUS provides the original output of the RW process: one troposphere parameter estimate per observation and no formal errors. The estimates are averaged to the conventional 1-hourly bins centered at integer UT hours. For the formal errors empirical values are introduced, determined by the standard deviation of the estimates within the hourly intervals.
(ii) IGG delivers troposphere parameters with a 30 min resolution. Both zenith delays (ZW Ds and ZT Ds) are averaged to the conventional 1-hourly interval by a simple approach: ZD t+0.5h ) with t = 0UT, 1UT, · · · , 23UT of each day and small adaptations at the beginning and at the end of the CONT08 time span. The same procedure is applied to the corresponding formal errors for the IGG data.
(iii) Some of the ACs that apply the Gauss-Markov-model (BKG, DGFI, GSFC, IGG, INA, and OSO) also report troposphere parameters at epochs without observations. Parameters that are determined purely by the constraints are considered as unreliable and are eliminated.
(iv) In the case of IAA and MAO some of the troposphere parameters in the beginning of a session are occasionally missing or show significantly larger formal errors compared to the average level of formal error of the AC. IAA performs outlier detection and, hence, does not forward certain estimates.
Besides the conventional analysis on a session-by-session basis, IAA also provides a solution where the CONT08 sessions are analyzed all together. In this solution outliers and significantly larger formal errors are found only in the beginning of the entire CONT08 period, i.e. in the beginning of the first session. The effects are caused by the application of the filter process in which the initial values differ significantly from the real troposphere conditions and the filter is applied only in forward mode. This effect can be avoided if a backward filter is applied after the forward filter. For our investigations the conventional (session-wise) solution of IAA is used, and unreliable troposphere parameters in the beginning of each session are considered as outliers. Similar but smaller effects are seen in the MAO data.
(v) Another pre-processing step handles overlapping estimates at the transition from one session to the next. For example this is the case for BKG gradients. BKG reports two estimates at the same epoch, one at the end of a session and another at the beginning of the next session. To ensure a unique value for each epoch the overlapping values are averaged.
(vi) At the last pre-processing step any missing values are artificially filled and marked as outliers so that an equally spaced time grid with one-hourly sampling underlies each input series of each parameter and AC. A one-hourly series is also generated for the gradients after lower resolved estimates are interpolated in an appropriate way. These input data are used for the following comparisons.
Comparison of troposphere parameters provided by various IVS Analysis Centers
In this section the one-hourly sampled input data are compared to each other and to an unweighted show a large negative correlation of about -0.9, a value which depends on the difference between the hydrostatic and wet mapping functions (Heinkelmann 2008) . Since ZT Ds are the sum of ZW D and ZHD, the correlation with the ZHDs is significantly less but cannot be neglected. The reported formal errors of ZW D estimates consider neither the precision nor the accuracy of surface pressure; thus, they are not valid uncertainties of the ZW Ds. For the accuracy of ZW Ds and ZT Ds, the accuracy of the pressure must be considered. While the precision of a pressure sensor is specified by the manufacturer, the accuracy of the pressure is not given and not easily derivable. If, for example, the pressure is supplied by a local pressure sensor, the accuracy of the sensor assessed by calibration and the effects of spatial and temporal interpolations were to be considered involving the quality of the models used for the interpolation. However, pressure sensor calibrations at the geodetic VLBI sites are rare. If the pressure at a site is taken from a numerical weather model (NWM), the pressure is obtained by a complex intertwining of many met sensors and the dynamics of the NWM, and the error depends on the location of the sensor within the NWM analysis grid as well. Among various NWMs differences are seen as well which can give only a lower bound on the accuracies of the NWMs. Lacking more information about the pressure, we have to assume a certain average accuracy of the pressure; a rather conservative assumption for the pressure accuracy would be 2 hPa. Consequently, for the uncertainty of ZW Ds, we use the reported formal errors of ZW D estimates (σ ZW D ) but uniformly increase it by 4.6 mm applying equ. 2 ( σ ZW D = σ 2 ZW D + 4.6 2 mm 2 ). The corresponding increase of the uncertainty of ZT Ds is 0.4 mm.
Models

TRF
Several terrestrial reference frames (TRF) are used by the ACs to generate session-wise apriori values for station coordinates: ITRF2000 (Altamimi et al. 2002) , ITRF2005 (Altamimi et al. 2007) , and the VLBI contribution to the ITRF2008 called VTRF2008 (Böckmann et al. 2010 ). The effect on ZW Ds of using the various apriori TRF is negligible if the station coordinates are adjusted by session during parameter estimation. Fixing the station positions on session-wise a priori values specified through the respective catalogue could significantly affect the troposphere parameters ( fig. 3 ).
Mapping functions
The Analysis Centers of IVS apply the Vienna Mapping Functions 1 (VMF1), Böhm et al. (2006) , currently recommended by IERS (2004) , or the New Mapping Functions (NMF), Niell (1996) . Switching from NMF to VMF1 causes systematic effects ( fig. 4 ). Although using NMF instead of VMF1 for CONT08 systematically affects the zenith delays, the gradient estimates vary around zero. The maximum mean change of -1.9 mm and a maximum increase in standard deviation of 1.4 mm, both for ZT Ds, can be found using NMF at Tsukuba, Japan. Asuming VMF1 gives the better result, the differences between two identical DGFI solutions, one with NMF and the other with VMF1, are used as empirical corrections for the zenith delays of the ACs using NMF (CGS, INA, MAO, OSO).
Apriori gradients
DGFI initially used the total atmosphere gradients based on the GSFC numerical weather model DAO (MacMillan and Ma 1998) as apriori gradients, while the apriori gradients of the other ACs are zero.
Effects of a priori gradients on the troposphere parameters are very small during CONT08 ( fig. 4 ), but can reach very large values at some sites before 1990 (Heinkelmann 2008) . Instead of correcting the DGFI solution, another DGFI solution with zero apriori gradients was computed and used for the combination. Using different apriori gradients results in different adjusted gradients, which is due to the application of constraints.
Parameterizations and constraints
Apart from the other analysis options the impact of differing parameterizations and constraints of the ACs that apply the Gauss-Markov-model (tab. 3) is assessed in one step because it is not possible to gather the entire effect from sequential variation. This category of analysis options does not cause systematics but contributes significantly to the noise component ( fig. 5) .
Data handling
The cutoff elevation angle applied by the ACs varies between 0
• and 5
• . Since there are no observations below 5
• elevation during CONT08, the use of different cutoff elevation angles is irrelevant. Some analysis centers additionally or alternatively apply a downweighting of observations, below 10
• elevation. 
Remaining differences
Comparing the mean of the standard deviations of the ACs to the unweighted mean of the ACs for ZW Ds at various sites (tab. 5), significant differences can be observed. At Ny-Ålesund (2.5 mm) and Wettzell (2.8 mm) very small standard deviations occur, while at Zelenchukskaya (6.9 mm) and Tsukuba (6.2 mm) the standard deviations are more than twice as large. (Plank et al. 2010 ).
The analysis software is not an analysis option in the genuine sense because it is uncommon for ACs to run more than one analysis software for the same technique in parallel. Since all well defined options are considered separately, the differences caused by the application of various software packages are due to a large number of small deviations, such as different numerical realizations of the involved models, partial derivatives, and other computational issues. If a large number of options affects the estimates to about the same small extent, it is very likely that systematics cancel each other, what is mathematically described by the central limit theorem. Accordingly, such an integrated effect is much more likely to cause noise than systematic differences.
Outlier treatment
The outlier treatment is the step before combination through which robustness can be achieved. Since there is no deterministic model describing the temporal behavior of the troposphere parameters during two weeks of time, outliers cannot be identified with regard to a model; they have to be identified in the sense of abnormal behavior of an individual input with regard to the average behavior of the input.
At this stage the average behavior must be approximated by an unweighted mean of the input data because no weights have been determined yet, and the determination of meaningful weights should be performed on an outlier-free observational basis. The detection of outliers could be empirically achieved by visual inspection, because the data size is not too large. Nevertheless, since visual inspection is rather subjective, a data snooping algorithm has been applied: the individual estimate of an AC is compared to the mean of the estimates of the other ACs at the same epoch. If the absolute value of the difference of the estimate and the mean value exceeds the κ-fold standard deviation of the estimates at the specific epoch, the reported estimate of the AC will be rejected. For the threshold factor, κ, various values between 2.5 and 5 are tested. Finally a threshold of 3 (κ = 3) is adopted because it enables the data snooping algorithm to detect all visually identified outliers and avoids wrong detections. On the basis of this 3-σ-algorithm, the identified outliers are eliminated.
Through the comparison it is also possible to derive an empirical quality measure for the reported troposphere parameters which will be used to validate the theoretical formal errors determined by 
where the input, l i , are the ZT D parameters of the ACs. Each is considered an observation and is placed into one common (3600x1)-dimensional observation vectorl. The bar denotes the common vector or common matrix. The number of observations, n = 3600, and the number of unknowns, u = 360, follow from the 24 1-hourly estimates in the 15 consecutive days of CONT08 provided by the k = 10 ACs. The actual number of parameters per station can vary due to epochs without observations.
x denotes the (ux1) vector of parameters andv the (nx1) vector of residuals. The (nxu) design-matrix A has a very simple shape:
It gathers ten identity matrices of dimension (uxu) I u together. In case of an outlier the entry in the A-matrix corresponding to the specific AC and observation is zero, i.e. outlying observations are eliminated. Apart from the trivial cofactor matrix realizing an epoch-wise unweighted mean
the most simple and straightforward stochastic model is:
where the operator diag (· · ·) denotes that the vector in brackets is expanded to a diagonal matrix.
The diagonal model considers the given formal errors σ i of the parameter estimates of the i = 1, · · · , k
ACs. With variance components α
the combined stochastic model is able to overcome a possible different scaling of the formal errors provided by the ACs, although with some more calculation effort. The method to estimate global variance components, i.e. variance components independent from their initial values, is described e.g. by Koch (1997 
The first and second moments (E: expectation value, D: dispersion) are given by:
With this approach the OSI is modeled as noise, i.e. it is assumed that no systematics are introduced by the AC. Since all significant systematics are considered through empirical corrections in advance (sec. 3.1), it can be considered that no systematics are present among the AC's solutions anymore.
Thus, it appears admissible to assume the aforementioned characteristics (equ. 9) for Δl i .
A common OSI-parameterᾱ 2 defines the OSI of each AC to be of the same size. It can be obtained
where the unknown individual OSI-parameters α 2 i are given through
. . .
. . . . . .
which includes the additional restriction equation, σ ΔliΔlj = 0, in the last line to prevent rank deficiency (Fang 2007) . The elements of the above matrix can be estimated through
where the mean (· · ·) operator denotes the arithmetic mean of the elements of the vector in brackets.
The hat above the vector, σ, enables distinguishing between the empirical estimates of variances and covariances used here and the formal errors, σ, reported by the ACs. Furthermore, the stochastic model is extended by off-diagonal elements assuming pairwise uncorrelated vectors l and Δl i :
yielding a cofactor matrix with block-diagonal structure composed of a common part due to the identical original observations and an individual part accounting for the analysis noise of the ACs:
According to Kutterer et al. (2009) the following approach with one global correction factor can be used:
modeling a global analysis noise level,ᾱ 2 , common to all ACs.
Combination results
The variance components (VCs) estimated with model (equ. 7) exhibit large differences (tab. 6) among
ACs. Since the VCs are estimated considering the reported formal errors, they can not be interpreted independent of the reported errors. Thus, besides the VCs, table (6) The ZT Ds, which depend much less on pressure inconsistencies, are combined and one consistent series of ZHDs, taken from the DGFI solution, is subtracted for the derivation of consistent combined ZW Ds. The reported gradients do not allow for a meaningful combination. The conventions on the analysis options have to include a parameterization of the gradients before these troposphere parameters can be combined. In addition the weights of the gradient constraints have to be assessed in order to make the adjusted gradients independent from the apriori gradients. An appropriate apriori model for total atmosphere gradients, such as the DAO gradients (MacMillan and Ma 1998) should provide the basis for a more precise gradient determination.
(ii) Although the most relevant analysis options were conventionally harmonized, significant differences between IVS AC solutions can be found for some sites. A combination of parameters based on different analysis options without considering the effects would have two major problems: the combination would be ambiguous, i.e. it would not be possible to specify a unique model for the combination, and it would be inconsistent, i.e. systematic differences would be present among the individual solutions leading to systematic errors of the combination. A consistent combination requires correcting all significant effects. The sequential variation of models allows the determination of model impacts, which can be used to empirically correct inconsistent model usage among the ACs to a certain extent. The empirically corrected contribution of CGS obtains the smallest VC at some sites, which shows that the differences between the usage of NMF and VMF1 can be successfully corrected with such an approach. Due to the correlations of troposphere parameters with other groups of parameters, the empirical corrections determined in that way are only admissible if these correlations stay small. Thus, the application of the same models is still the only way to ensure consistent results. Apart from models, the impact of parameterizations and constraints must be assessed together in one step. Simulating the parameterizations and constraints of other ACs using the Gauss-Markov-model again implicitly neglects the correlations with other parameter groups. The various methods of data editing can cause further significant effects:
AUS and IAA contributions, for example, show significantly larger standard deviations compared to the other ACs. The downweighting of low elevation observations may be a reason for the increased standard deviations and the relative large VCs. The application of the random walk model for zenith delays may be another reason for larger deviations, which is also observable for the contribution of MAO. Some of the observed significant differences could not be explained by the usage of the considered analysis options. Those remaining differences are probably due to different modeling of other correlated parameters outside of the troposphere model, such as the clock parameters.
(iii) If no reference model is available, the comparison between more than two solutions provides the only way to define and detect outliers. Increasing the number of solutions that are included for comparison, will increase the significance with which outliers can be identified. The outlier treatment is the analysis step which leads to robustness (Kutterer et al. 2003) , not to reliability (Kutterer 2004), which is often incorrectly referred to in this context. The comparison provides robustness, not the combination. If the combination is done including unconsidered outliers, the combined result will consist of a mixture of observations and outliers, which may mask the actual outliers and thus make it more difficult or even impossible to detect the outliers afterwards.
(iv) The intra-technique combination works on the same observations (reapplication of observations), hence, its usefulness is not immediately evident and its application has to be justified. The reasons working with intra-technique combinations are not obvious from a scientific point of view because the usage of the same original observations does not add new information to the equation system, it only reweights the observations. The same observations are analyzed by various ACs in different ways adding more analysis noise than probably necessary. As the determined common noise parameters,ᾱ 2 , show, the analysis noise is about two and a half times larger than the observation noise.
Thus, the analysis noise is the dominant noise contributor. Standards, such as the IERS conventions, specify state-of-the-art models to be used for analysis because the models were found to be superior.
Parameterizations are not standardized in the way models are, and it is theoretically and empirically not simple to determine the optimal parameterization. If constraints are to be applied, a variety of possibilities exist to define what type and size of constraints are used. In principle, there are theoretical and empirical ways to find optimal constraints. The same holds for the data editing methods, which can be theoretically compared but very often rely on empirically found threshold values. If a mixture of all these analysis options is combined, it will be difficult to interpret the characteristics of the combination. In particular, a combination based on various models, e.g. an obsolete and a new model, is not desirable. In addition, the intra-technique combination procedure can be another possible error (Gauss-Markov-model, filter, and collocation techniques), however, certainly also contribute to this effect. The actual effects of the estimation technique on the formal errors should be investigated. Since the determined VCs differ significantly, the assumption of a common noise level of all ACs has to be reconsidered. The variance component model also produces formal errors scaled by a factor of about two with regard to the diagonal model. Thus, it is necessary to consider both approaches, the scaling (VC estimation) and the reapplication of observations (OSI model). Such a model should be developed and applied for intra-technique combination in future.
(vii) As shown by Steinforth and Nothnagel (2004) for other parameters, correlations between different groups of estimated troposphere parameters, e.g. between gradients and zenith delays, can occur in addition during parameter estimation. These inter-parameter correlations are to be considered in the future as well. On the level of parameter estimates this is impossible; therefore a combination on the level of normal equations is necessary and recommended.
Concluding, CONT08 VLBI observations provide a very valuable data set for the determination of precise troposphere parameters. The high quality and density of observations allows better estimates of the troposphere parameters and more significant statements on the characteristics of the troposphere.
For the combination of troposphere parameters a combination of variance component estimation and the OSI model is recommended. 
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• cos (90 Table 6 Variance components (V Ci) and mean values of the reported formal errors of ZT Ds (σi) in mm. The product of the square root of the VC and the corresponding mean formal error (mean(σi)· √ V Ci) equals the actual square root of the cofactor determined by the variance component estimation. Table 7 Common noise parameters,ᾱ 2 , and mean formal errors,σ, of the combined ZT Ds obtained by the unweighted, diagonal, variance components (VC), and OSI models; units of the formal errors are mm. The last row ('mean') gives the mean of the values in the above columns. Fig. 4 Effects of mapping functions and apriori gradients on the estimated troposphere parameters at Wettzell. The adjusted gradients differ depending on the apriori gradients; this is due to the application of constraints. Fig. 7 Mean impact of the various stochastic models on the combined parameters (left) and relations of the mean formal errors of the combined ZT Ds with regard to the diagonal model (equ. 6) (right).
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